The existence of phylogenetic covariation in base-pairing is strong evidence for functional 21 elements of RNA structure, although available tools for identifying covariation are limited. R-22 scape is a recently developed program for prediction of covariation from sequence alignments, 23 but it has limited utility on long RNAs, especially those of eukaryotic origin. Here we show that 24 R-scape can be adapted for powerful prediction of covariation in long RNA molecules, including 25 mammalian lncRNAs. 26 157 statistic (GT) performs better than RAFS in terms of positive predictive value (PPV) and thus 158 would be less prone to false positive discovery. To get a sense of the tradeoff between sensitivity 159 and PPV within these two metrics, we reanalyzed the original R-scape test set (104 RFAM 160 alignments) with default parameters. We used average product correction (APC) as it was shown 161 to improve the performance of both GT and RAFS (both renamed, then, as APC-GT and APC-162 RAFS) 11 . First, we measured the difference in sensitivity and PPV of these two metrics by 163
Main 27
Long non-coding RNAs (lncRNAs) are well accepted as crucial regulators of gene 28 expression and disease progression 1 . Despite the ubiquity and significance of lncRNAs, our 29 understanding of structure-function relationships within this class of molecules is extremely 30 limited 2 . Studies of ribozymes, riboswitches, viral RNAs, mRNA UTRs and even coding 31 sequences have shown that conserved RNA secondary and tertiary structures are vital for RNA 32 function 3, 4 . It has therefore been of interest to determine whether lncRNA molecules contain 33 regions of functional structure and whether these structures are conserved 5-7 . If conservation in 34 base-pairing could be established, it would provide powerful evidence that RNA structure plays a 35 role in aspects of lncRNA function. Several empirical studies have demonstrated the existence of 36 structured regions within lncRNAs, and conventional phylogenetic covariation analyses were 37 found to support the empirically-determined structures [8] [9] [10] . Indeed in at least two cases, these 38 modules of RNA structure were flanked by highly conserved sequences that are consistent with a 39 biological role for lncRNA substructures 9, 10 . 40 However, a powerful new method for stringent determination of nucleotide covariation, 41 known as R-scape, failed to support the existence of conserved base-pairings in well-studied 42 functional lncRNAs such as Xist and HOTAIR 11 . On the basis of these findings, it was 43 concluded that those lncRNAs do not contain conserved structure and are therefore unlikely to 44 contain functional elements of discrete structure. Like many tools for phylogenetic analysis, R-45 scape was developed for application to small, highly structured RNA molecules for which many 46 sequences are available (such as bacterial riboswitches). We reasoned that, at least in its current 47 form, R-scape might not be equipped to confront the challenges posed by large, multidomain 48 eukaryotic RNA molecules. We therefore set out to test the limitations of R-scape covariation 49 analysis and to determine whether the approach could actually be modified in order to 50 successfully identify conservation of structures in mammalian lncRNAs.
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A major challenge for the analysis of eukaryotic lncRNAs is the severe limitation in 52 available sequences 12 . We reasoned that this limitation, rather than any inherent lack of evidence 53 for lncRNA structure, might explain the reported inability of R-scape to identify conserved 54 structure in mammalian lncRNAs. To test this hypothesis, we analyzed the ability of R-scape to 55 detect basepair covariation in seven well-characterized, highly structured RNA molecules (tRNA, 56 5S ribosomal RNA, 5.8S ribosomal RNA, eukaryotic RNase P, U2 snRNA, U5 snRNA and the 57 eukaryotic small subunit ribosomal RNA) using input alignments that were restricted in three 58 different ways: 1) Inclusion of the original RFAM seed alignment 2) Sub-sampled alignments 59 and 3) Restriction to mammalian sequences. In the sub-sampled RFAM alignments, we limited 60 the number of sequences and the average pairwise identity to control for effects arising solely 61 from restrictions in these parameters (See Methods, Figure 1 ). The alignments restricted to 62 mammalian sequences represent the currently available alignments that have been built for most 63 lncRNAs. Not surprisingly, there is a precipitous drop in covariation support for most of these 64 test RNAs in both the 'sub-sampled' and 'mammalian sequence' conditions. Eukaryotic RNase 65 P (> 300 nt) is the most dramatic example, as only 13% of the base pairs can be flagged as 66 covariant by R-scape in the sub-sampling analysis (Figure 1 ). It is also worth highlighting the 67 particular case of 5.8S rRNA, for which the RFAM seed alignment already has a relatively high 68 pairwise sequence identity (~68%). Predictably, R-scape finds covariation support for only 44% 69 of the base pairs in the 5.8S rRNA structure, and no support (0%) upon restriction of the analysis 70 to mammalian sequences. In fact, with the exception of tRNA, for which even mammalian 71 sequences have high nucleotide diversity, R-scape was unable to detect the majority of covarying 72 base pairings in these model RNAs when the input alignments were limited to mammals. These 73 results indicate that R-scape fails to detect covariation not just in lncRNAs, but in most of the 74 structurally complex, well-characterized functional RNA molecules that have been tested. 75 It is important to note that RFAM alignments are hand-curated and refined 13 , therefore, 76 deviations from RFAM's ideal heuristics may bias R-scape results. This phenomenon was shown 77 to be true for other covariance prediction algorithms when RFAM alignments were compared to 78 emulated genomic alignments as inputs 14 . Multiple sequence-based alignments from datasets like 79 the TBA/Multiz (UCSC genome browser) can be used to build covariation models and generate 80 structural alignments for lncRNAs, but these alignments lack the quality of RFAM alignments, 81 which can then affect R-scape prediction sensitivity. Finally, since genomic alignments may not 82 accurately reflect the regions of lncRNA loci that are actively expressed, there is a consistent 83 need for direct characterization and annotation of lncRNA transcripts across species in order to 84 improve identification of conserved sequence and structure motifs, as described elsewhere 15, 16 .
85
There is accumulating evidence that lncRNAs possess local modules of RNA structure 86 and that they can contain both structured and unstructured regions 8, 10 . Given that R-scape uses 87 the entire length of an RNA sequence for analysis, it is possible that the presence of unstructured 88 regions negatively impacts the ability of R-scape to identify structural conservation. To test this, 89 we analyzed the ability of R-scape to predict covariation when unstructured regions are included 90 in an alignment. R-scape is reported to perform well on riboswitches, using sequences that are 91 restricted to the functional, structured region of the molecule. We therefore chose the SAM-I 92 riboswitch (RF00162) as an example, but we now included the surrounding mRNA regions from 93 the alignment. The mRNA regions were aligned using MAFFT 17 , and the alignment for the 94 SAM-I riboswitch region was kept the same as in the RFAM alignment. We then compared R- Another feature that is expected to influence the performance of any covariation analysis 108 is the length of an RNA molecule and of its corresponding structural alignment. LncRNAs are 109 typically very large and many exceed 1kb 18 . However, R-scape was benchmarked with a test set 110 consisting predominantly of small RNAs. Of the 104 RNAs in that test set 11 , there are only 21 111 RNAs with an average length greater than 200 nts and only seven that exceed 1kb, and all the 112 seven are ribosomal RNAs. It is therefore unlikely that the R-scape default parameters are 113 appropriate for analysis of large RNAs. To test this, we asked whether R-scape performs better 114 when the analysis is broken down in short overlapping windows tiling the entire RNA rather than 115 when given a long whole-length alignment. We examined alignments (see methods) of two long 116 RNAs in sliding windows: 1) 7SK RNA (RFAM ID:00100) and 2) Aphthovirus internal 117 ribosome entry site (RFAM ID: 00210). For both RNAs, R-scape was able to identify more covarying base-pairs when the analysis was run with sliding windows than when given the full-119 length alignment ( Fig. 3) , indicating that the R-scape default parameters work better on short 120 alignments, either as aligned sequences of inherently small RNAs or long RNA alignments that 121 have been analyzed in a set of sliding windows.
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Taken together (Figures 1-3) , these results suggest that one might be able to increase the 123 signal-to-noise ratio for predicting lncRNA covariations by maximizing the number of sequences 124 (increasing alignment depth) and running R-scape analysis in short windows. Here, we applied 125 both conditions to analyze the RepA region of lncRNA Xist. In a previous study, R-scape 126 identified no significant base pair covariation in RepA structure 11 . However, the input alignment 127 in that study was limited to ten sequences, which was beneath an empirical threshold value (~40 128 sequences) suggested in the very same paper. We therefore reanalyzed RepA using a recent, 129 experimentally determined secondary structure 10 and we included significantly more sequences 130 in the alignment. As expected, just by adding more sequences we were able to identify 131 covariation in RepA, but it was limited to a single base pair. Interestingly, this base pair is 132 located within the functionally important repeat-five region 19 . To further improve the signal-to-133 noise ratio, we ran R-scape on short (500-nt) overlapping windows, tiling the entire RNA. Using Up to this point, our analysis suggests that the default parameters in R-scape are 143 exceedingly stringent and that they may not be sufficiently sensitive to predict covariation with 144 reduced alignment depth and low phylogenetic diversity, which are features inherent to most 145 current lncRNA alignments (Xist, HOTAIR, SRA, etc). Most telling, R-scape failed to detect 146 significant covariation when faced with similar alignments even for well-structured RNAs such 147 as ribosomal RNAs, snRNAs and the eukaryotic ribozyme RNAseP, suggesting that more 148 sequencing data is required to provide sufficient alignment depth for lncRNA structural 149 conservation analysis on R-scape. Given the plethora of lncRNA genes and their implicated roles 150 in human diseases, there is an urgent need for better tools and metrics to identify conserved 151 structures and associated functions of these giant molecules. 152 We therefore asked whether other metrics could improve the performance of R-scape on varying the E-value threshold (Supplementary Figure 3) . The PPV value for APC-RAFS gets 164 worse than APC-GT (> 5%) only for relatively high E-values (> 0.1). However, at the default E-165 value threshold of 0.05, APC-RAFS resulted in much higher sensitivity (~84%) relative to APC-166 GT (~64%), with a PPV compromise of less than 4%, suggesting that APC-RAFS is in fact a 167 more robust metric than APC-GT. 168 Next, we tested the performance of these two metrics by varying the number of 169 sequences in the input alignment ( Supplementary Figure 3) . Most strikingly, APC-RAFS 170 achieved 63% sensitivity with only 20 sequences in the alignment compared to APC-GT, which 171 resulted in only 40% sensitivity with the same input. We then used APC-RAFS to score the same 172 alignments from Figure 1 (Supplementary Figs. 4 and 5) and observed a significant improvement with no compromise to specificity as given by PPV ( Supplementary Fig. 5 ), indicating that APC-
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RAFS is able to at least partly overcome the negative effects of lncRNA-like restrictions on R-181 scape predictive power while preserving statistical rigor. All these observations suggest that 182 APC-RAFS is a highly robust metric for RNA covariation analysis with R-scape (null-model 183 based analysis) and, most importantly, the most suitable method for alignments with the 184 restrictions normally found in lncRNAs.
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Based on the above observations, we utilized APC-RAFS to analyze the published 186 structural alignments for full-length lncRNA-RepA and Domain I of lncRNA-HOTAIR 9 (Fig. 5 ) 187 and found that R-scape is now able to support covariation of numerous base pairs in both RNAs. 188 We identified 16 covariant base pairs within the full-length lncRNA-RepA when the alignment 189 was analyzed in overlapping 500-nt windows tiling the RNA every 100 nt. In this case, 9 out of 198 In conclusion, we show that R-scape default parameters are not applicable to lncRNAs, 199 but that R-scape is capable of identifying covariation when appropriately parameterized. We
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suggest that increased alignment depth, sliding windows approach and a more sensitive statistical 201 metric, the APC-RAFS, are parameters that may help R-scape to identify conserved structural 202 elements in large molecules such as lncRNAs. By combining these approaches, we were able to 203 detect significant covarying base pairs in the experimental structures of lncRNAs HOTAIR and 204
RepA. We hope that the results and approaches reported here provide improved tools for 205 meeting the challenges inherent to studying lncRNA molecules and that they facilitate future 206 studies and method development. Competing financial interests 239 The authors declare no competing financial interests. 
